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Abstract 
The effect of cryorolling followed by warm rolling (CR+WR) on strength and ductility of Al- Mg-Si alloys has been studied 
in the present work. Ultrafine grained Al 6063 alloy was developed through cryorolling up to 80% and warm rolling up to 
50% at 200 °C followed by ageing at 100 °C for 22 hr. It is compared with the material processed through cryorolling 
followed by low temperature ageing. By implementing this new approach, simultaneous improvement in strength (290 
MPa) and ductility (15 %) was achieved in Al 6063 alloys. The microstructure and precipitate evolution were characterized 
by Optical microscope, Electron back scattered diffraction (EBSD) and Transmission electron microscope (TEM) 
techniques. The ultrafine grain structure with 150-300 nm was observed in CR+WR sample. Mechanical properties were 
studied by performing hardness and tensile testing at room temperature. Strength and ductility of CR+WR samples are 
found to be superior to CR sample after peak ageing treatment.  
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1. Introduction 
Al 6063 is a medium strength age hardenable alloy used for automotive and aerospace applications due to its high 
strength to weight ratio, better weldability and higher corrosion resistance [1-4]. The primary strengthening mechanisms for 
Al 6063 alloys are precipitation hardening and work hardening [5]. Another effective technique to strengthen the Al alloys 
is developing ultrafine grain structure (UFG) in the material [6-7]. Severe plastic deformation (SPD) is an approach being 
used to realize the UFG/nanocrystalline structure in the material by imparting severe strains [8]. SPD techniques involve 
heavy tooling and it is expensive. . Alternative to the SPD process is deforming the material at very low temperatures (near 
or at the liquid nitrogen temperature), the so called cryorolling, suppresses the dynamic recovery and in turn enhances the 
accumulated dislocation density. Proper heat treatment of the cryorolled samples results in development of UFG structure in 
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the material. The combination of precipitation hardening, solid solution strengthening, work hardening, and grain boundary 
strengthening can give better strengthening effect to the material [9-10]. A significant improvement in mechanical 
properties was observed in precipitation hardenable Al alloys, by deforming at supersaturated solid solution (SSSS) state 
and post deformation annealing and ageing treatments [11-12]. In precipitation hardenable alloys, during post deformation 
ageing, the excess alloying elements will precipitate as a fine second phase particles [13]. These acts as an obstacle for the 
movement of dislocation, thus strength gets improved [14]. During post deformation ageing, work hardening effect will 
reduce due to annihilation of dislocations. This will improve the ductility but reduce the strength of the alloy. In recent 
published literature, it was observed that combination of cryorolling followed by warm rolling has substantial effect on 
increasing strength and ductility of the material [15-16]. But there is no reported literature on the effect of mechanical and 
microstructure characteristics of 6063 Al alloy subjected to cryorolling and warm rolling.  Therefore, the present study is 
carried out to analyze the combined effect of work hardening, dynamic ageing and grain refinement on the mechanical 
behavior and microstructural morphologies of Al 6063 alloy processed by cryorolling followed by warm rolling. 
2. Experimental details 
Al 6063 alloy used in the present investigation with chemical composition of 0.5% Si, 0.45% Mg, 0.13% Mn, 0.058% Fe, 
0.015 % Cu (wt %) and the balance Al, was procured from Hindalco industries, Pvt. Ltd, India. Samples with 10×30×40 
mm3 dimensions were cut from the bulk and annealed at 510 °C for 1 hour and then water quenched to room temperature. 
These samples were kept in freezer at -20 °C to prevent room temperature ageing, till to perform rolling. Annealed and 
water quenched samples were rolled by using conventional rolling mill at or near to the liquid nitrogen temperature. For 
this, samples were dipped in liquid nitrogen at least 10 min before and after each rolling pass. Thickness reduction given per 
pass was 4% and samples with thickness reductions of 80% and 90% were obtained by giving several passes. These samples 
were designated as (cryorolled) CR 80% and CR for further reference. CR 80%   samples were subsequently warm rolled at 
200 °C up to 50% reduction. In each pass, 20% reduction was given. Warm rolling was performed by heating the samples in 
muffle furnace for 4 min before and after each pass. Total time taken to perform warm rolling was 10 min. These samples 
were designated as CR+WR. In order to study the effect of low temperature ageing on samples processed through CR and 
CR+WR, samples were kept at 100 °C temperature for 60 hr. Hardness was measured at room temperature using a Vickers 
hardness testing machine at test load of 5 Kgf with 15 s dwell time. The reported values of Vickers hardness number is an 
average of at least 6 measurements. Microstructure of initial material ST, and CR was investigated through optical 
microscopy using poultons reagent as an etchant under polarized light. Electron back scattered diffraction (EBSD) analysis 
and Transmission electron microscopy (TEM) was used to study the microstructural changes in CR, CR+WR and their peak 
aged conditions. The sample preparation for EBSD and TEM is discussed elsewhere [17]. TSL OIM analysis 4.6 software 
developed by TEXSEM laboratories Inc. was used to analyze the EBSD maps. For tensile testing, samples were prepared 
according to the ASTM subsize specimen with 25 mm gauge length along the plane parallel to the rolling direction (RD-
TD). Minimum four samples were tested to get tensile test results. The strain rate used for tensile testing was 5x10 -4 /s. 
3. Results and discussion 
3.1 Microstructure: The optical micrographs of initial solution treated, and CR were taken on the plane parallel to the 
rolling direction (RD-TD) as shown in Fig.1. The initial microstructure shows equiaxed morphology with an average grain 
size of ~100 μm. Fig.1.b shows CR 80% sample with deformed grains along the rolling direction. With increasing 
deformation up to 90% the grains got perturbed due to heavy deformation. The EBSD orientation micrographs of CR 90% 
and CR80%+WR 50 % al 6063 alloy with inverse pole figure are shown in Fig. 2. For EBSD analysis, data which is having 
CI value more than 0.035 is considered. EBSD scans are performed with step size 0.1 μm for CR and CR+WR samples. In 
the EBSD maps, grey and black line shows low angle grain boundaries (LAGB) (1.5 °-15 °) and high angle grain 
boundaries (HAGB) (≥ 15°). Cryorolled with 90 % reduction sample reveals predominantly with LAGB, which corresponds 
to the dislocation cell structures elongated in the rolling direction as indicated with arrow mark in the Fig. 2.a. Whereas 
CR+WR in Fig.2.b shows duplex microstructure of equiaxed subgrains along with elongated grain structure. Fig.2 c, d 
shows the TEM micrograph of CR and CR+WR sample. In CR sample, the formation of the slightly elongated dislocation 
cell structure with an average size of 500 nm was observed. The boundaries of this cell structure are of LAGB (≤ 15°). 
These cell walls are formed with complex dislocation tangles [18]. The microstructure of CR+WR sample in Fig. 2d has 
shown formation of sub grains structure with an average size of 150-300 nm. The dislocation density is slightly decreased as  
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Figure 1: Optical micrographs of Al 6063 alloy; (a) Initial material (ST), (b) CR 90% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: EBSD orientation maps and TEM micrographs of CR and CR+WR of Al 6063 alloy with the [001] inverse pole figure; (a), (c) CR, (b), 
(d) CR+WR. 
  
compared to CR sample due to dynamic recovery effect during warm rolling at 200 °C. The TEM micrographs of CR+PA, 
WR+PA samples are shown in Fig.3. The dislocation density is reduced in CR and CR+WR sample after peak ageing 
treatment due to static recovery effect. During static recovery process, the tangled cell walls formed during cryorolling has 
transforming into more regular dislocation network to form sharp low angle grain boundaries. The dislocation content inside 
the subgrains got reduced, but still there are some regions remained with high density of dislocations. Fig. 3c shows very 
fine β" needle shaped Mg2Si precipitates with 10-15 nm diameters aligned in particular orientation. These β" needle shaped 
precipitates were not clearly seen due to presence of   dislocations. 
 
3.2 Mechanical Properties: Fig.4 (a) shows the Vickers hardness values of initial solution treated, CR, CR+WR and its 
peak aged condition samples. The observed hardness of initial solution treated material is 40 Hv. After cryorolling up to 
90% reduction, the hardness of the material has increased to 91 Hv (nearly 115 %). This rise in hardness is mainly attributed 
to solid solution strengthening and the presence of high dislocation density in CR samples by generation and accumulation 
of dislocations during rolling process at very low temperature. The yield strength (YS) and ultimate tensile strength (UTS) 
of the material after cryorolling up 90 % reduction has increased from 50 MPa to 234 MPa and 102 to 245 MPa, 
respectively. The improvement achieved in YS and UTS is 368% and 140%, respectively. Thus cryorolling had greater 
influence on YS than UTS [19].  But the tensile ductility has reduced from 30 % to 4.5 %. The hardness increased in  
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Figure 3: TEM micrographs of cryorolled (CR) and (CR+WR) of Al 6063 alloy at peak aged conditions (a) CR+PA, (b) CR+WR+PA, (c) Fine β" needle 
shaped precipitates observed in CR+WR+PA sample. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Variation in mechanical properties of Al 6063 alloy processed under various conditions; (a) Vickers hardness (b) UTS, YS and % Elongation 
 
cryorolled followed by warm rolled (CR+WR) samples is from 40Hv to 97 Hv (142%). It is nearly 12% more than the CR 
samples. The improvement in yield strength and ultimate tensile strength in CR+WR samples compared to CR samples are 
14% and 10%, respectively. The significant improvement in YS and UTS of CR+WR samples can be attributed to the fine 
precipitate particles evolved during warm rolling, which will act as barriers for dislocation movement and increases the 
dislocation accumulation. Formation of precipitates during warm rolling not only compensates the loss in strength by 
annihilation of dislocation due to dynamic recovery, but enhances the strength further. Simultaneously with the 
improvement in the strength and hardness, the percentage elongation of CR+WR materials is increased up to 7% which is 
double to the CR sample. The enhancement in the ductility is the result of dynamic recovery and restoration during warm 
rolling process. In our earlier studies [16] on Al 6061, we have observed that the percentage elongation after CR+WR at 145 
°C was only 5 %.  Gang et al., [19] have reported in Al 6061 after cryorolling followed by warm rolled at 175 °C was only 5 
%. The same author has observed in Al 5052 alloy [15] processed at warm rolling temperature of 250 °C after cryorolling, 
the percentage elongation was nearly three times of the cryorolled sample with sacrificing strength. From the above 
observation, it can be concluded that warm rolling temperature has significant effect on strength and ductility of the 
material. In order to see the effect of low temperature ageing on strength and ductility CR and CR+WR samples were aged 
at 100 °C. The peak hardness of CR, and CR+WR samples were observed at 38 h and 22 h respectively. The YS and UTS of 
CR+PA sample were 255 MPa and 280 MPa respectively. The percentage elongation increased from 4.5 to 12 %. In 
CR+WR+PA sample, the improvement in UTS is slightly higher (~ 3.5) than the CR+PA sample. But the improvement in 
percentage elongation (15%) of CR+WR+PA sample is significantly more than the CR+PA sample. It is proved that 
cryorolling followed by warm rolling and low temperature ageing is superior to cryorolling and ageing to increase the 
strength and ductility of precipitation hardenable Al alloys. The important factors which are facilitating to give better 
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strength and ductility of CR+WR+PA materials are as follows: 1) Accumulation of high dislocation density during 
cryorolling increases strength, 2) Dynamic recovery and restoration during warm rolling leads to formation of ultrafine sub 
grain structure and annihilation of dislocations contribute for the  enhancement in ductility, 3) Formation of very fine nano-
sized β" needle shaped precipitates during warm rolling and further low temperature ageing enhances the accumulation of 
dislocations surrounding to it and it will acts as barrier for dislocation motion leads to simultaneous improvement in strength 
and ductility.   
4. 0 Conclusions 
1) CR +WR at 200 °C resulted substantial improvement in strength (UTS-270 MPa) and ductility (7%) over CR 
(UTS-245 MPa, ductility-4.5%). 
2) Dynamic ageing during warm rolling resulted, formation of fine precipitates caused to increase in strength. 
Dynamic recovery and restoration during warm rolling caused to annihilation of dislocations and formation of 
subgrain structure through dislocation rearrangement. 
3) The strength and ductility of CR+WR samples has further increased upto 290 MPa, 15 % respectively after low 
temperature ageing at 100 °C for 22 hr.  It can be attributed to decrease in dislocation density further by 
annihilation of dislocations due to static recovery effect and precipitation of remnant excess solid solution from the 
matrix.   
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